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Valence states of Yb in Yb5Si3
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We have measured the quadrupole hyperfine interaction in the intermetallic compound Yb5Si3 using 170Yb
Mössbauer absorption spectroscopy in the temperature range 0.03–80 K and172Yb perturbed angular correla-
tion spectroscopy in the temperature range 20–750 K. Data of LIII -edge x-ray absorption and magnetic sus-
ceptibility are also presented, as well as a170Yb Mössbauer spectrum with a magnetic field of 7 T at 4.2 K.
There are two distinct crystallographic sites for Yb in Yb5Si3. The whole set of our measurements shows that
the two sites contain Yb ions in a charge state close to 31, but with different hybridization strengths, making
Yb5Si3 a unique compound. No magnetic ordering of the Yb31 sublattice is shown down to a temperature of
0.03 K. @S0163-1829~97!07231-7#
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I. INTRODUCTION

The ytterbium silicide family consists of several com
pounds with different magnetic properties and charge st
for the Yb ion.1 The alloy Yb3Si5 contains Yb ions in a
mixed-valence state close to the divalent state.2 In YbSi, the
Yb ions appear as almost trivalent, and show Kon
properties.3 This compound orders magnetically belo
TN51.6 K with a very small Yb31 spontaneous moment4

The first measurements performed on the metallic a
Yb 5Si3 ~Ref. 5! seemed to imply that, contrary to bot
above-mentioned silicides, it is not a homogeneous bu
heterogeneous mixed-valence system which has its two c
tallographically inequivalent Yb sites occupied by divale
and trivalent ions.

The valence states of Yb in solids can be studied in s
eral ways. Trivalent Yb has a 4f 13 configuration withJ5 7

2

and is paramagnetic, while Yb21, with a 4f 14 ground state
andJ50, is diamagnetic. Therefore a conclusion on the
valence states can be drawn from the magnetic propertie
the crystal. One is also able to distinguish between the
types of ions using photoemission or LIII -edge x-ray-
absorption techniques since they both are sensitive to
electron binding energy which is characteristic for a giv
charge state. Finally, there are some hyperfine interac
methods like Mo¨ssbauer spectroscopy or the perturbed an
lar correlation~PAC! of g radiation where the valence sta
can be inferred from the measurement of the electric qu
rupole interaction and of its thermal behavior.
560163-1829/97/56~7!/3690~7!/$10.00
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In noncubic compounds, the quadrupole moment of
nuclei is submitted to an electric-field gradient~EFG!. This
EFG originates from all extranuclear charges. For the
ion, the essential point is that for divalent and trivalent io
there are quite different contributions to the EFG from t
self-ion electronic shell. The Yb21 ions have a completely
filled 4f electron shell, and in such a case the 4f electrons do
not contribute directly to the EFG at a nucleus, which th
arises only due to the surrounding atomic charges in
crystal lattice. For Yb31 ions, there is large contribution to
the EFG from the partially filled 4f electron shell, arising
from the 4f level splitting in the crystal electric field~CEF!.
The CEF sublevels contribute to the EFG in differe
amounts, and their population changes with increasing t
perature according to the Boltzmann distribution. Therefo
while the lattice contribution to the EFG is practically tem
perature independent, the contribution from the unfilledf
shell shows a strong temperature variation. At low tempe
ture the 4f contribution is usually dominant, but it vanishe
at very high temperature when the CEF sublevels are equ
populated.

Here we present a study of the Yb valence in the interm
tallic compound Yb5Si3 using the following microscopic
techniques: Mo¨ssbauer absorption spectroscopy with the i
tope 170Yb, g-g perturbed angular correlations in172Yb, and
x-ray absorption at the Yb LIII edge. Additionally, the exist-
ing magnetic-susceptibility measurements were extende
higher temperature~up to 800 K!. Yb5Si3 was previously
supposed to be an example of a compound with Yb31 and
3690 © 1997 The American Physical Society
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56 3691VALENCE STATES OF Yb IN Yb5Si3
Yb 21 ions occupying the two inequivalent lattice sites. Th
was concluded from the susceptibility measurements up
room temperature,5 and from photoemission measurement1

The results of our hyperfine interaction experiments,
L III -edge spectroscopy, as well as the high-tempera
magnetic-susceptibility measurements contradict such a
ture, making Yb5Si3 a more stimulating compound than e
pected. A preliminary account of this work was published
Ref. 6.

II. EXPERIMENT

A. Crystal structure

The preparation of the sample is described in Ref. 5. In
the experiments polycrystalline powder samples were u
Yb 5Si3 crystallizes into a Mn5Si3-type hexagonal structur
~space groupP63 /mcm). In this structure, the rare-earth a
oms occupy two crystallographically inequivalent sit
which correspond to the Wyckoff positions 4d and 6g.
The 40% of Yb ions at the 4d site have an axial sym
metry (D3h point group!, while the rest (6g site! lies at a site
with less than threefold symmetry (C2v point group!. An
x-ray diffractogram of the sample shows the lines of t
Mn5Si3-type structure witha58.251 Å andc56.231 Å.
Weak intensity lines pertaining to impurity phases are
served, amounting to no more than a few percent of
sample mass: one or two lines of Si and of Yb could
identified, and other lines remain of undetermined origin. W
emphasize that no lines pertaining to other Yb silicid
~Yb 3Si5 or YbSi! are present.

B. Mössbauer effect measurements

The Mössbauer transition for the170Yb isotope has an
energy 84.3 keV, and links the ground state (I g50) and the
first excited state (I 52). The Doppler velocity-energy con
version factor is 1 mm/s5 68 MHz for 170Yb. A monochro-
matic g-ray source of170Tm* in TmB12 was used to record
the spectra; the full width at half maximum of the source li
is 3 mm/s with respect to a YbAl3 reference absorber. Mea
surements were carried out in the temperature range from
mK to 80 K. Spectra below 1.4 K were recorded using
3He-4He dilution refrigerator. A spectrum was also record
at 4.2 K with a magnetic field of 7 T applied perpendicularly
to theg-ray propagation direction.

C. Perturbed angular correlation measurements

Contrary to Mössbauer spectroscopy, which, due to t
temperature-dependent recoilless factor, allows the hype
interaction of170Yb to be measured only up to about 100
the PAC measurement sensitivity is practically temperat
independent. The PAC spectra were recorded at several
peratures in the range from 20 to 750 K. We used the 9
1094-keVg-g cascade emitted after the radioactive decay
172Lu to the excited states of172Yb. The intermediate leve
of the cascade is characterized by the nuclear spinI 53 and
the half-life T1/258.3 ns. The radioactive samples were o
tained by deuteron irradiation of the Yb5Si3 compound it-
self. The172Lu isotope was produced in the target as a res
of the 172Yb(d,2n)172Lu nuclear reaction. After the irradia
to
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tion, the sample was sealed in a quartz tube and then pla
into a small oven or cryostat in a PAC setup. The PA
measurements were carried out using a conventional s
fast coincidence system equipped with four BaF2 detectors.
Since the172Lu activity decays with a half-life of 6.7 days
one sample can be used for 3–4 weeks until the acti
drops below a suitable level.

D. Magnetic and x-ray-absorption measurements

The magnetic susceptibilityx was measured with a supe
conducting quantum interference device with a field of 0.5
in the temperature range 1.7–800 K. The x-ray-absorp
measurements @x-ray-appearance near-edge structu
~XANES!# were performed at the French Synchrotron Rad
tion Facility ~LURE! in Orsay, at two temperatures 10 an
300 K, in the photon energy range 8940–9020 eV wh
contains the LIII edge of Yb. Experimental details concer
ing the XANES technique can be found in Ref. 7.

III. ANALYSIS OF THE HYPERFINE DATA
IN ZERO FIELD

The shape of the zero-field Mo¨ssbauer spectra~Fig. 1!, as
well as the perturbation patterns of the PAC spectra~Fig. 2!,
contain all the relevant information on the hyperfine intera
tion. In the whole temperature range, the spectra show th
hyperfine electric quadrupole interaction alone is prese
The 170Yb Mössbauer measurements down to 0.03 K co
not detect any magnetic interaction nor any significa
broadening of the lines, which means that neither of the
sublattices show any magnetic ordering down to 0.03 K.

FIG. 1. 170Yb Mössbauer absorption spectra in Yb5Si3 in zero
field at T54.2 and 50 K. The spectral decomposition performed
the fits are marked with solid lines.
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The hyperfine electric quadrupole Hamiltonian is conve
tionally written as

HQ5
eQVzz

4I ~2I 21!
F3I z

22I ~ I 11!1h
~ I 2

2 1I 1
2 !

2 G , ~1!

where the diagonalized EFG tensor$Vxx ,Vyy ,Vzz% is repre-
sented by two independent parameters: its largest compo
Vzz and the asymmetry parameterh5(Vxx2Vyy)/Vzz. The
interacting nucleus is described by its electric quadrup
moment eQ and its spinI . To compare results from th
Mössbauer and PAC measurements, the different spins
various quadrupole momentsQ of the involved isotopes
should be taken into account. We adoptQ170522.14 b~Ref.
8! as the quadrupole moment of170Yb in the 84-keV excited
state with spinI 52 andQ17253.1 b~Ref. 9! for 172Yb in the
1172-keV excited state with spinI 53. It should be noticed
here that only the absolute value ofVzz can be derived from
a g-g PAC measurement while the sign ofVzz can be deter-
mined from the170Yb Mössbauer spectra. It was found th
both the Mössbauer and PAC spectra consist of two com
nents. These components are identified with the two
equivalent Yb sites in the crystal lattice of Yb5Si3.

In the PAC spectra, the relative amplitudes of both co
ponents practically do not vary with temperature. The ma
component is equal to about 60%@from 54~3!% to 64~4!%
for different spectra#. It agrees very well with the site occu
pation ratio 3:2 for the two 6g and 4d Yb sites in Yb5Si3.
For the minor component the EFG tensor appears to be a
(h50 in the limit of the experimental error!. This result
agrees with the expectation coming from the crystal latt
symmetry: the EFG tensor is axial at a lattice site with
threefold or higher symmetry axis like the 4d site. In the
final step of the fitting procedure, the two amplitudes we
fixed to be 60% and 40%, andh was kept equal to zero fo
the 40% component. The fitted parameters were then the
quadrupole interaction frequenciesnQ5eQ172uVzzu/h and
the asymmetry parameterh for the 60% component. The
uVzzu values derived from thenQ values, as well ash, are
plotted in Fig. 3 with circles. The asymmetry parameter c

FIG. 2. Perturbed angular correlation spectra of172Yb in
Yb5Si3 at 20 and 273 K. The solid lines represent fits of the pert
bation factor to a superposition of two static quadrupole interac
components.
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be determined with a rather good accuracy when the
quencynQ is high enough. When the quadrupole interacti
becomes very weak~in the range 200–400 K!, the fitted
value ofh is no longer reliable.

In the zero-field Mo¨ssbauer spectra, the two componen
are not resolved, but fits allowing for only a single quadr
polar interaction are not satisfactory. Using two quadrupo
components, we find an amplitude ratio again near to 3
The best-resolved spectrum at 4.2 K gives the ra
57~3!:43~3!. Besides the intensity of the two components, t
fitted parameters were the quadrupole coupling const
aQ5eQ170Vzz/8 for both components and the asymmetry p
rameterh for the 60% component. At 4.2 K, the fitted value
areaQ522.15~10! mm/s andh50.8~0.2! for the 60% com-
ponent, andaQ521.20~10! mm/s for the 40% component
In principle, the Mössbauer effect measurements can yi
additional information concerning the valence state, i.e.,
isomer shift value. However, for170Yb the experimental
linewidth ~3 mm/s! is much larger than the difference in th
isomer shifts for Yb31 ~0.1–0.2 mm/s! and Yb21 (20.3–
20.1 mm/s! ions.10 Therefore, a reliable value for the isome
shift can only be obtained from good statistics spectra w
simple and well-resolved line shapes. The spectrum take
4.2 K, which has the best statistics, yields isomer shifts v
ues of 0.25 and 0.15 mm/s~relative to the TmB12 source! for
the 60 and 40% component, respectively. These values a
the range for trivalent Yb ions in a metallic host,10 but they
are not too reliable because of the poor resolution of
spectrum.

The fitted EFG parameters for two Yb sites are sho
together in Fig. 3 for the Mo¨ssbauer and PAC data. We plo
ted the quantityuVzzu as determined by PAC measuremen
but the Mössbauer-derivedaQ is negative for both sites
which means thatVzz is positive~at least below 80 K!. The
results obtained with the two techniques are in satisfact
agreement. The important result is that the principal com
nent of the EFG tensor drops by a factor of 5 between 4
200 K for both sites. In the same temperature range thh
value of the 60% component decreases from 0.8 to about
It seems that three components of the EFG tensor decr
with temperature at different rates, and a sudden jump of
h parameter above 200 K corresponds to a change of

-
n

FIG. 3. Temperature dependence of the quadrupole interac
parametersh and uVzzu for the two Yb sites in Yb5Si3. The Möss-
bauer effect data are denoted with triangles, and the PAC data
circles. Data for the 4d site are marked with open symbols, and f
the 6g site with solid symbols.
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56 3693VALENCE STATES OF Yb IN Yb5Si3
principal EFG axes. The observed strong temperature de
dence of the EFG tensor clearly indicates that, at both s
the 4f electrons contribute to the EFG at the Yb nucleus, i
that both Yb ions are trivalent or close to trivalent.

IV. IN-FIELD 170YB MÖ SSBAUER SPECTRUM AT 4.2 K

The Mössbauer spectrum at 4.2 K with an applied field
7 T, shown in Fig. 4, is quite different from the zero-fie
spectrum shown in Fig. 1. It can be analyzed with two co
ponents. The central absorption corresponds to a quadrup
hyperfine interaction~the dashed line in Fig. 4!, with
aQ.21.2 mm/s and a weight of approximately 40%, a
the split absorption to a magnetic hyperfine interaction.
the first step, fitting this latter component into the hyperfi
field approximation, one obtains a satisfactory fit with a h
perfine field of 225 T~corresponding to a Yb31 magnetic
moment of.2.2mB , using the 170Yb 31 hyperfine propor-
tionality constantC5102 T/mB) and an axial quadrupola
interaction with aQ.3 mm/s. These two components a
identified with the Yb ions in the two crystallographic site
These data show that the local magnetic susceptibility
quite different for the two Yb ions in the two sites. For th
40% component~the 4d site!, the Mössbauer spectrum i
unchanged~within experimental error! in the presence of the
magnetic field of 7 T, i.e., the magnetic susceptibility of t
corresponding Yb ions is very small at 4.2 K, like for
Yb21 ion. The Yb ions in the 60% component (6g site!, by
contrast, show a large paramagnetic susceptibility, wit
ratio m(H57T)/H.0.18 emu/mole at 4.2 K.

In the paramagnetic phase at low temperature, the pow
Mössbauer measured in a magnetic field is not a simple
perfine field spectrum in the case of the ground CEF dou
of a Yb31 ion in a site with symmetry lower than cubic
Indeed, the CEF anisotropy implies that the direction a
size of the paramagnetic moment induced by the app
field depends on the orientation of the local crystal axes w
respect to the field. The Mo¨ssbauer spectrum should then
calculated as a powder average, and it depends on the
tronic g tensor and the EFG tensor of the ground Yb31 state.
Such a procedure should be applied for Yb ions at the 6g site
in Yb 5Si3, which occupy a site with low symmetry. How

FIG. 4. 170Yb Mössbauer absorption spectrum in Yb5Si3 at 4.2
K with a magnetic field of 7 T applied perpendicularly to the
g-ray propagation direction.
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ever, for such a site, with a symmetry lower than axial, t
number of parameters~the principal values of the tensors an
the angles defining their relative orientation! is large. We
used the approximation of axial symmetry to fit the 60
component in the in-field spectrum of Yb5Si3. The thin solid
line in Fig. 4 represents the result of such a fit, which
markedly better than the hyperfine field fit done as a fi
approximation. The obtained parameters are characterist
a rather anisotropic CEF doublet:gz.5 andg' /gz;0.1, and
aQ.3 mm/s. This quadrupolar coupling parameter is of
opposite sign to the zero-field value (22.1 mm/s!; this can
be due to the mixing effect of the 7-T field which can b
expected to modify the wave functions of the CEF states
it can be an artifact due to the axial approximation used
the calculation of the line shapes.

V. X-RAY ABSORPTION AT THE YB L III EDGE „XANES…

The zero-field hyperfine measurements suggesting
presence of trivalent~or close to trivalent! Yb on both sites
in Yb 5Si3, and the Mo¨ssbauer spectrum with 7 T showing
that only the 60% Yb component has a magnetic suscept
ity characteristic of Yb31, we performed x-ray-absorption
spectra at the Yb LIII edge in order to obtain an independe
determination of the Yb valence. The spectra at both te
peratures~10 and 300 K! are practically identical~see Fig.
5!. The dominant peak at an energy;8943 eV is associated
with the Yb31 valence state. At;8935 eV there is anothe
weak component which indicates the presence of the Yb21

valence state. The spectra were fitted in the standard w7

allowing for Lorentzian-shaped peaks and arc-tangent fu
tions for the background. The derived relative weight of t
two peaks gives a mean Yb valence equal tov52.88(2) at
both temperatures. This is much larger than the value of
expected with the hypothesis of three Yb31 and two Yb21

ions in the unit cell. If one assumes that the 6g Yb ions are
purely trivalent, then the experimentally obtained valen
v52.88 implies that the lower limit for the valence of th
4d Yb ions is 2.7.

VI. MAGNETIC SUSCEPTIBILITY

The inverse molar magnetic susceptibility of Yb5Si3 in
the temperature range 1.7–800 K is shown in Fig. 6. Abo
100 K the x21(T) dependence follows a modified Curie

FIG. 5. X-ray-absorption spectra near the Yb LIII edge for
Yb5Si3 at 10 and 300 K.
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3694 56M. RAMS et al.
Weiss law with the parametersx(0)5831025 emu/mole
Yb, up5248 K, andmeff53.90mB per Yb atom~calculated
on the basis of five Yb atoms per formula unit!. This value is
somewhat higher than that obtained in Ref. 5~3.46mB), but
still much lower than the free-ion value 4.54mB . The impu-
rity content of our sample is also too small to account
such a large deviation. With the assumption of the 6g site
being occupied by Yb31 ions and the 4d site by Yb21,
made in Ref. 5, one obtainsmeff.5.1mB for the Yb ions at
the 6d site, which is too high for assignment to a Yb31 ion.
This observation leads to the conclusion that the Yb io
located at the 4d sites significantly contribute to the para
magnetic susceptibility of Yb5Si3, and thus that they canno
be in the diamagnetic Yb21 charge state. In the following
analysis, we assume that the 6g sites are occupied by stab
Yb 31 ions, but that the weakly paramagnetic Yb ions at
4d sites exhibit an intermediate valence~IV ! state.

An approach describing the behavior of IV systems is
interconfiguration fluctuation model developed by Sales
Wohlleben.11 This model assumes that the Yb21 and Yb31

configurations are almost degenerate, with the Yb21 con-
figuration as the ground state. The magnetic susceptibilit
a Yb ion in the IV state may be expressed as

x IV~T!5
meff

2 @12q~T!#

3kB~T1Tsf!
, ~2!

wheremeff54.54mB is the effective magnetic moment ass
ciated with the 4f 13 excited state,Tsf stands for the spin
fluctuation temperature describing fluctuations between b
configurations, andq(T) is the mean occupation of th
ground configuration~the fractional valence! and is given by

q~T!5
1

118exp@2Eex/~T1Tsf!#
. ~3!

In the latter equationEex is the energy difference betwee
the 4f 13 and 4f 14 configurations. With our hypothesis of th

FIG. 6. Inverse of the magnetic susceptibility vs temperature
Yb5Si3.
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6g sites occupied by Yb31 ions and the 4d sites by IV Yb
ions, the total magnetic susceptibility of Yb5Si3 can be rep-
resented as

x~T!50.4x IV~T!10.6xYb31
~T!, ~4!

wherexYb31
is the magnetic susceptibility of a stable Yb31

ion, given ~at temperatures high enough to neglect crys
field effects! by the Curie-Weiss~CW! law

xYb31
~T!5

meff
2

3kB~T2uCW!
, ~5!

with meff54.54mB . The solid line in Fig. 6 is a least-squar
fit to Eq. 4, for T.200 K, of the experimentalx21(T) varia-
tion in Yb5Si3. The fitting parameters are as follow
Tsf51300 K,uCW5210 K, andEex varying between 10 and
300 K. The effective valence of the Yb ions at the 4d sites,
estimated from Eq.~3!, is found to be 2.89 at 800 K, and t
hardly change with temperature. The independence of the
effective valence on temperature is here a direct consequ
of the very small energy differenceEex between the two Yb
configurations—in the temperature range of our measu
ments both states are already strongly thermally popula
This value is in good agreement with the mean valence
2.88 obtained from the LIII -edge x-ray measurements. Th
large value ofTsf results in a strong reduction of the par
magnetic susceptibility of the Yb ions located at the 4d sites
with respect to the susceptibility expected for a free Yb31

ion. Such a behavior is often found in intermetallic ytterbiu
compounds where the hybridization of the 4f electronic
states with the conduction electron is rather strong,12 result-
ing in a Yb valence somewhat lower than 3. In turn, t
magnitude of theuCW value derived here for the 6g Yb ions
is typical of compounds with stable or weakly hybridize
Yb31 ions. Moreover, a remarkable deviation of the expe
mentalx21(T) dependence from the model curve observ
at low temperatures~see Fig. 6! results from crystal-field
effects. This hypothesis of an almost trivalent strongly h
bridized Yb ion at the 4d site will be shown to account wel
for the experimental data in Yb5Si3 ~see Sec. VII B!.

VII. DISCUSSION

It was previously suggested5 that Yb5Si3 is a heteroge-
neous mixed-valence system with 60% of Yb ions in the 31
and 40% in the 21 charge state. Indeed, the hyperfine inte
action experiments show two components in the zero-fi
Mössbauer and PAC spectra with the intensity ratio 3
However, the suggestion about the Yb21 state cannot be
maintained: the temperature dependence of the EFG~see Fig.
3! exhibits a strong thermal variation for the two Yb site
Such a dependence can be understood only when thef
electron shell is not completely filled. Then, from the zer
field hyperfine interaction experiments, a Yb21 charge state
can be obviously excluded for Yb ions in both sublattices
Yb 5Si3.
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56 3695VALENCE STATES OF Yb IN Yb5Si3
A. Crystal electric-field effects

In view of the results obtained with these three mic
scopic techniques, the 4f electron shell of the Yb ion seem
to be in an almost trivalent charge state for both the 6g and
4d sites. On the other hand, the magnetic-susceptibility m
surements show a Yb effective magnetic moment sma
than that expected for the free Yb31 ion. It is well known
that the CEF interaction can lead to a moment reduction
least at low temperature when all the CEF states are
equally populated. The magnitude of the CEF interaction
be estimated in Yb5Si3 from the EFG temperature depe
dence, since the measurements were performed in an un
ally wide temperature range. A quantitative description
the EFG temperature dependence involves the C
formalism.13 Since the Yb atoms occupy lattice sites with
rather low symmetry, the number of independent CEF
rameters is high: nine for the 6g sites and six for the 4d
sites.13 It is therefore not possible to fit unambiguously a
these parameters from the EFG thermal variation. Sev
attempts have been performed with a limited number of
CEF parameters. These simulations lead us to two con
sions:~1! the first excited CEF level must be around 180
for the 4d site, and around 200 K for the 6g site; and~2! the
overall level splitting is between 1000 and 1500 K for all Y
ions. Such a value is unusually large for intermetallic Y
compounds, where it usually amounts to a few 100 K.

The large value of the CEF splitting cannot explain t
low effective magnetic moment value: using model CEF
rameters that approximately reproduce the EFG ther
variation, the calculated thermal variation of 1/x is found to
be practically linear above 200 K with a slope characteris
of the free Yb31 ion. The inset of Fig. 6 shows the low
temperature part of 1/x in Yb 5Si3; the observed curvature i
roughly consistent with the derived CEF level scheme.

B. Hybridization effects and model for Yb5Si3

Hybridization of the 4f electrons and the band electro
in Ce- or Yb-based alloys is a rather common feature.12 It
leads to such properties as the Kondo effect, the intermed
valence of the rare-earth ion, and the ‘‘heavy electron’’ b
havior. In these compounds, the magnetic susceptib
shows a paramagnetic behavior and often follows a Cu
Weiss behavior with a large negative paramagnetic C
temperature (;2100 K!; the Yb or Ce sublattice usuall
shows no magnetic ordering down to 0 K. Some example
almost trivalent Yb alloys are known, where hybridization
rather strong:14 cubic YbAl3, hexagonal YbCuAl, or tetrag
onal YbPd2Si2 and YbCu2Si2. In YbCuAl and YbPd2Si2
the presence of CEF levels, although broadened by
hybridization, is well documented by inelastic neutr
scattering;15–17 in these latter compounds and in YbCu2Si2,
a sizable thermal variation of the electric-field gradient at
Yb site has been observed by Mo¨ssbauer spectroscopy.18–20

In order to account for all the properties measured
Yb 5Si3, here we propose the following model: the Yb io
on the two sites both have a valence close to 3, in agreem
with the zero-field hyperfine measurements and
L III -edge x-ray-absorption results, but the hybridizati
strength is different on the two sites.
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The Yb ion at the 6g site ~60% component! is in a triva-
lent valence state, with probably a weak 4f -conduction elec-
tron hybridization responsible for the absence of magn
ordering down to 0.03 K. By contrast, the Yb ion at the 4d
site ~40% component! is strongly hybridized. This picture is
in agreement with the Mo¨ssbauer spectrum with applie
magnetic field and with the magnetic susceptibility data. T
magnetic-susceptibility of the 4d Yb ion is well described by
the interconfiguration fluctuation model with a large sp
fluctuation temperatureTsf.1300 K. The electric-field gra-
dient at the 4d site shows a sizable thermal variation becau
the overall CEF splitting is somewhat greater or of the sa
magnitude asTsf , as estimated in Sec. VII A.

The alloy Yb5Si3 can then be classified as a ‘‘heterog
neous hybridization’’ Yb compound and, to our knowledg
it is the first unambiguous example of this type. One c
speculate that the existence of two crystallographically
equivalent sites can favorize the appearance of different
bridization strengths on each site. In this respect, the si
tion in Yb5Si3 is different from that in known
heterogeneous mixed-valence Yb alloys like YbPd~Ref. 21!
or Yb4As3,22,23,6 where a phase transition occurs from
high-temperature phase with a unique Yb site to a lo
temperature charge-ordered phase with~in principle! two in-
equivalent Yb sites. In Yb5Si3, no phase transition is de
tected in the thermal variation of the resistivity up to 600 K5

or of the magnetic susceptibility up to 800 K.

VIII. CONCLUSION

We reexamined the properties of the Yb alloy Yb5Si3,
which was previously thought to be a heterogeneous mix
valence system, with Yb31 ions occupying the 60% 6g
site and Yb21 ions occupying the 40% 4d site of the
Mn5Si3-type hexagonal structure. We carried out zero-fie
and in-field 170Yb Mössbauer absorption spectroscopy, p
turbed angular correlations ofg radiation on 172Yb, x-ray
absorption near the Yb LIII edge, and magnetic-susceptibilit
measurements in an extended temperature range in Yb5Si3.
We found that while the zero-field Mo¨ssbauer, the PAC, an
L III -edge data point to a valence close to 3 for the Yb ions
both sites, the in-field Mo¨ssbauer and magnetic measur
ments indicate that the Yb ions at the 4d site have a para-
magnetic susceptibility much smaller than expected fo
free Yb31 ion. We propose a model to interpret these fin
ings, in the frame of the 4f conduction-electron hybridiza
tion often occurring in intermetallic Yb compounds: the h
bridization strength is different for the Yb ions at the tw
sites, being large for the Yb ions at the 4d site and much
weaker for the Yb ions at the 6d site. We also found that the
crystal-field interaction leads to an unusually large splitti
of the Yb levels, of the order of 1000–1500 K. Y
5Si3 therefore is not a classical heterogeneous mix
valence system, but rather the first clear example of a
compound where the two crystallographic sites are occup
by almost trivalent Yb ions with different hybridizatio
strengths.
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